ponents of the extracellular matrix [5, 6] . Precoating of implant materials with extracellular matrix proteins promoted cell adhesion [7] and osteogenic differentiation [8] . These proteins contain several sequences which function as ligands for various integrin and non-integrin receptors located at the cell membrane [9] . Binding to these receptors does not only enhance cell adhesion but also triggers signal transduction cascades which strongly influence cell spreading, migration, cell cycle progression, differentiation and cell survival [10, 11] . Collagen type-I has been established as one promising candidate for bioactive surface engineering of titanium implants which accelerates receptor-mediated cell adhesion [12] , osteoblast proliferation and differentiation in vitro [13, 14] , or periimplant bone growth in vivo [15] . In contrast to surface modification with low molecular weight molecules like adhesion motifs containing oligopeptides, collagen coating of metallic materials was mostly performed by adsorptive immobilization. But within the development of a bioactive coating for tantalized stainless steel implants, we could recently show that the stability of surface-bound collagen layers was significantly higher after covalent immobilization compared to adsorptive binding [16] . The aim of the present investigation was to enhance the cell adhesion properties of titanium substrates by covalent immobilization of reconstituted fibrillar type-I collagen. Different silane coupling agents and homo-bifunctional cross-linking molecules have been employed to achieve the best results regarding collagen binding capacity and enzymatic stability of the immobilized protein layers. The biological response to the titanium surface modification was investigated by in vitro cell adhesion and cell proliferation.
Material and Methods
A Ac ct ti iv va at ti io on n o of f t ti it ta an ni iu um m s su ur rf fa ac ce es s Disk shaped specimens (15 mm diameter, 2 mm thick) of grade-2 commercially pure titanium (cp-Ti, Daido Steel Inc., USA) were prepared from rods by wire cutting (Viktor Hegedüs GmbH, Germany) and were polished on one side using polishing paste 113 GZW B1 (Menzerna GmbH & Co KG, Germany). For comparative testing, 10 mm x 10 mm squares of titanium coated silicon wafers (Infineon, Germany) were used with a titanium layer thickness of about 100 nm. Surfaces were cleansed by immersing the specimens successively in acetone, toluene, acetone, ethanol, and water in an ultrasonic bath for 5 min each. Then the specimens were oxidized in 32.5 % nitric acid solution with ultrasonic agitation for 10 min, rinsed extensively with water, and temporarily dried in vacuum [17] . Silanization of the surfaces was performed by boiling the oxidized samples in solutions of 15 mg/ml of 3-aminopropyltriethoxysilane (APS) or 3-isocyanatopropyltriethoxysilane (IPS), which were obtained from ABCR GmbH & Co. KG (Germany), in anhydrous toluene for 3 h [16, 17] . APS-coated samples were subsequently washed in chloroform, methanol, and water in an ultrasonic bath. IPS-coated surfaces were rinsed several times with dry toluene. Elemental composition of the modified surfaces were analyzed by X-ray photoelectron spectroscopy (XPS). Quantification of the surface-bound amino groups was performed by a colorimetric assay using sulfosuccinimidyl-4-O-(4,4'-dimethoxytrityl)-butyrate (sulfo-SDTB, Pierce, USA) according to the method described by Cook et al. [18] . APS-coated surfaces were activated by immersing the specimens in either a solution of N,N´-disulphosuccinimidyl-suberate (DS3) in phosphate-buffered saline (PBS, pH=7.4), or N,N´-disuccinimidyl-suberate (DSS) in N,N-dimethylformamide, or 1,1´-carbonyldimidazole (CDI), or N,N´-disuccinimidyl-carbonate (DSC) in acetonitrile, respectively. Each linker molecule was purchased from Sigma-Aldrich Chemie GmbH (Germany) and applied in a concentration of 0.1 mol/l for 2 h at 20°C. The samples were rinsed excessively with the solvent employed and then dried in vacuum. Surface-bound reactive groups were quantified colorimetrically by the use of the amino-functionalized dye 1-O-Dimethoxytrityl-3-amino-1-propanol (DAP) according to a protocol published previously [16] .
Stabilisation of collagen
Fibrillar collagen was produced by in vitro-reconstitution of acid soluble type-I calf skin collagen (Fluka GmbH, Germany) according to a protocol of Geißler et al. [12] . One ml of a 1 mg/ml suspension of the reconstituted collagen in 2-morpholinoethanesulfonic acid-buffered solution (MES, pH=5.5) was dried at 37°C in one well of 24-well plates (Nunc, Germany) to prepare collagen films. The films were re-hydrated by swelling them in water for 60 min before they were incubated in cross-linking solutions containing 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxysuccinimide (NHS), both of which were obtained from Fluka. The concentration of EDC in MES-buffered solution varied between 1 and 30 mg/ml, and NHS was added in a EDC:NHS ratio of 4:1 (w/w). After cross-linking for 4 h at room temperature, the films were washed twice with 0.1 M Na 2 HPO 4 for 1 h and 4 times with water for 30 min [19] . The degree of cross-linking was monitored via the amount of remaining free amino groups in the protein which was determined according to the protocol of Bubnis et al. [20] using trinitrobenzenesulfonic acid (TNBS). The shrinkage temperature (TS) of the collagen was determined by calorimetric measurements using a DSC-7 of Perkin Elmer Corporation (Norwalk, USA) as published previously [19] .
Immobilization of collagen
For collagen coating of the titanium substrates, the differently modified metal specimens were superimposed with 1 ml of the collagen suspension mentioned above for 4 h at 20°C. After 1 h of incubation, a cross-linking solution was added to the collagen suspension resulting in a final concentration of 5.0 mg/ml EDC and 1.25 mg/ml NHS. After collagen coating, the samples were rinsed gently with water and finally dried in a nitrogen stream. The amount of surface-bound collagen was determined by a modified picrosirius red-staining procedure published previously [16, 17] .
Stability testing of immobilized collagen
For testing the enzymatic stability of immobilized and crosslinked collagen, 100 µl of a 0.1 mg/ml collagen dispersion were spread homogeneously on the differently modified metal surfaces, dried in air, and cross-linked as described above. The collagen-coated specimens were incubated with a 1 mg/ml solution of collagenase P from Clostridium histolyticum (EC3.4.24.3, Boehringer, Germany) in Dulbecco´s modified Eagle´s medium (DMEM, Gibco, Germany) for 1.5, 3, and 6 h at 37°C. Thereafter, the residues of the collagen layers were rinsed with PBS and quantified with picrosirius red [16, 17] .
Cell culture assay
Human immortalized osteoblast-like cells MG-63 (ATCC CRL-1427) were routinely cultivated in DMEM with high glucose content supplemented with 10% fetal calf serum (FCS, PANBiotech GmbH, Germany) and penicillin-streptomycin (Gibco, USA) under standard conditions (37°C, 5% CO 2 ). Metal samples and collagen films were sterilized via beta irradiation with a dose of 25 kGy by Beta-Gamma-Service GmbH (Germany), and osteoblasts were seeded in complete cell culture medium onto specimens. For analysis of cell adhesion, 50,000 cells were cultivated on each substrate surface for 1 day, whereas 20,000 cells were cultivated for 7 days to determine cell proliferation. After removal of non-adherent cells by sucking-off the supernatant and rinsing with PBS, the number of attached cells was measured. The quantification of the cells was performed by their mitochondrial dehydrogenase activity using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt (MTS) and phenazine ethosulfate (PES) according to the protocol provided by the manufacturer (CellTiter96-Kit of Progema, Germany) [17] .
All results are shown as medians including the 25-75% quantiles. The numbers (n) of the statistically independent samples are mentioned in the figure legends.
Results and Discussion
Silanization and activation of titanium surfaces Cp-titanium specimens were oxidized by nitric acid etching and coated with silane molecules containing either primary amino groups (APS) or isocyanato groups (IPS). While IPS-coating offers reactive functional groups for covalent immobilization of proteins, the amino groups of the APS-coating have to be activated to enable collagen immobilization. The activation of the surface-supported amino groups was performed using different linker molecules, thus introducing reactive chemical functions to the metal surface which are capable to bind collagen via its amino or carboxylic groups (Fig. 1) . Successful immobilization of APS molecules and their activation by the homo-bifunctional cross-linker DS3 was qualitatively demonstrated by the occurrence of nitrogen signals (N1s) in the XPS-spectra of the respective titanium surfaces (Fig. 2) . APS-coating induced two new signals which could be assigned to protonated (402.5 eV) and non-protonated (400.7 eV) primary amino groups. After application of DS3, the signal for the protonated primary amines was diminished and new signals were recorded representing amide (400.4 eV) and imide (400.9 eV) functions. Amides were formed by reaction of the activated carboxylic groups of the linker molecules with surface-bound amino groups and imide groups correspond to succinimidyl esters of the linker molecules that remained active to couple biomolecules via their amino groups. Functional groups generated on the titanium surface after application of the different coating and activation procedures have been quantified by colorimetric assays using dimethoxytrityl-based dyes. As it is depicted in Fig. 3 , APS-coating created the highest density of titanium-bound functional groups exhibiting an amino group concentration of about 0.4 nmol/cm have been detected after coating the titanium surfaces with IPS molecules. All other procedures were found to be less effective and were excluded from further investigations.
Stabilization of fibrillar collagen by carbodiimide cross-linking
Fibrillar collagen was produced by pH-and ionic strengthdriven reconstitution of water soluble collagen. Cross-linking of the reconstituted collagen was examined with respect to the concentration of the reagents EDC and NHS (Table 1 ). An increase in the concentration of the cross-linking reagents lead to a reduction of free amino groups which is an indicator for a rising cross-linking degree of the protein. Additionally, thermal stability of the collagen material, which has been examined by its shrinkage temperature, increased in the course of higher concentrations of the cross-linking reagents. Cytocompatibility of the modified collagen substrate was examined by a cell adhesion assay and was found to be influenced by the degree of chemical cross-linking. After application of low cross-linker concentrations (up to 5 mg/ml EDC), cell adhesion was noticeably enhanced due to stabilization of the collagen substrate. In contrast, generation of a higher cross-linking degree resulted in reduced cell adhesion which is an indication of lower cytocompatibility of the chemically altered collagen substrate.
Covalent immobilization of collagen on titanium
Collagen was immobilized on titanium substrates exhibiting four different states of surface activation (Fig. 4) . The incubation of oxidized but non-silanized surfaces resulted in an adsorptive binding of the cross-linked collagen layer. Employing this kind of immobilization, the lowest amount of surfacebound collagen was detected. Activation of the titanium surface with isocyanato groups (IPS) did not significantly enhance the amount of immobilized collagen compared to adsorptive binding. The relatively low surface density of functional groups and their high reactivity with water may be the reasons for the low efficacy of covalent binding using this method. If the metal surfaces exhibited amino groups (APS), the covalent attachment of collagen was achieved via its acidic residues, which got activated by the EDC/NHS cross-linking system. The high surface density of amino groups gives reason that this immobilization procedure resulted in the highest amount of titanium-bound collagen. However, prior activation of surface-attached amino groups by the homo-bifunctional cross-linker DS3 did not further enhance collagen immobilization. Again, the relatively low surface density of activated functional groups may be the reason for the worse performance of this coupling system. As it is depicted in Fig. 5 , the cross-linked collagen layer which was covalently bound to APS-modified titanium surfaces exhibited higher resistance against collagenase digestion compared to adsorptively bound cross-linked collagen. After an incubation period of 1.5 h, already 83% of the physically adsorbed collagen was detached whereas only 32% of the covalently coupled collagen were digested. Within the following 4.5 h of collagenase incubation no further reduction of the collagen amount was detected.
Cell culture on modified titanium surfaces
The differences in adhesion and proliferation of MG-63 osteoblast-like cells after modification of titanium surfaces with either coupling reagents or differently bound collagen layers are displayed in Fig. 6 . The presence of surface-bound amino groups slightly enhanced cell adhesion compared to hydrophilic oxidized titanium but reduced 7-day cell proliferation. All collagen layers were cross-linked by carbodiimide reaction (EDC/NHS) and quantified using the picrosirius red assay (n=6).
ARBEITEN ORIGINAL
Similar results were obtained on surfaces exhibiting DS3-activated amino groups. It seems that the positively charged surfaces promote initial cell-biomaterial interactions but exhibit slightly cytotoxic effects during long term cell culture. Collagen layers which were physically adsorbed or covalently bound via the APS-DS3 system did not alter cell adhesion and proliferation in a noticeable manner. We hypothesize that the amount of immobilized collagen achieved by this two binding procedures was too low to positively affect osteoblast adhesion and proliferation. In contrast, cellular activity was nearly twice as high on APS-modified titanium surfaces on which the collagen layers were immobilized only by carbodiimide reaction. The high amount and high stability of the collagen layers resulting from this type of immobilization are mentioned as reasons for the improved cellular response. With the presented results we could show that covalent collagen immobilization is a promising strategy to enhance biocompatibility of biomaterials, especially of titanium implants.
Conclusion
In the present study, we found that the EDC/NHS cross-linking system is able to covalently couple collagen molecules to amino group-modified titanium substrates. The concept of protein cross-linking by formation of amide-type bindings between carboxylic acids and amino groups is expandable to solid surfaces containing one sort of these chemical functions. This result is very beneficial, thus reducing the processing steps of covalent immobilization and reducing the potential risk of applying too many non-physiological molecules to the biomaterial surface.
Abstract
Initial cell adhesion is a major requirement for the integration of any implant material in the human body. Because it has been established that collagen accelerates receptor-mediated cell adhesion, the aim of the present study was to investigate the influence of titanium modification by covalent attachment of fibrillar collagen on adhesion and proliferation of osteoblastlike cells. Several silane coupling agents and cross-linking molecules have been tested to connect metal and protein, and to stabilize the bound collagen layer against biodegradation. We found that immobilization of collagen was most effective utilizing an amino group-containing silane and a water soluble carbodiimide, the latter performing both covalent attachment and protein cross-linking. In vitro-collagenase digestion revealed higher stability of the covalently bound and cross-linked collagen layer compared to a physically adsorbed and cross-linked collagen layer. Adhesion and proliferation of human osteoblast-like cells (MG-63) was enhanced on titanium biomaterials that have been modified with covalently immobilized and cross-linked fibrillar collagen. . Adhesion (1 day) and proliferation (7 days) of MG-63 osteoblastlike cells on differently modified titanium surfaces. All collagen layers were cross-linked by carbodiimide reaction (EDC/NHS). Cell numbers were determined by the MTS-assay (n=6).
